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Topological insulators (TIs) are characterized by possessing metallic (gapless) surface states and a
finite band-gap state in the bulk. As the thickness of a TI layer decreases down to a few nanometer,
hybridization between the top and bottom surfaces takes place due to quantum tunneling, conse-
quently at a critical thickness a crossover from a 3D-TI to a 2D insulator occurs. Although such a
crossover is generally accessible by scanning tunneling microscopy, or by angle-resolved photoemis-
sion spectroscopy, such measurements require clean surfaces. Here, we demonstrate that a cascading
nonlinear magneto-optical effect induced via strong spin-orbit coupling can examine such crossovers.
The helicity dependence of the time-resolved Kerr rotation exhibits a robust change in periodicity
at a critical thickness, from which it is possible to predict the formation of a Dirac cone in a film
several quintuple layers thick. This method enables prediction of a Dirac cone using a fundamental
nonlinear optical effect that can be applied to a wide range of TIs and related 2D materials.
Higher-order nonlinear optical processes in solids are
sensitive to the crystal lattice symmetry through the non-
linear susceptibilities χ(n)(n = 2,3, ...) [1]. For instance,
surface second-harmonic generation in solids has been
widely used as a tool to detect symmetry breaking on
the surface [2], which leads to non-zero χ(2), while χ(2)
remains zero in the centrosymmetric bulk region. In addi-
tion, cascaded lower-order nonlinear processes frequently
dominate over direct higher-order nonlinear processes,
e.g. the cascaded second-order susceptibility leads to an
effectively third order susceptibility χ′(3)(= χ(2) ⋅χ(2)) [3],
which is in some cases greater than the direct susceptibil-
ity χ(3). Thus, higher-order nonlinear optical processes
on solid surfaces are complex phenomena and are often
useful for exploring symmetry and have been applied to
the detection of topological surface states (SSs) [4, 5].
Topological insulators (TIs) are new quantum phase of
matter having an electronic band gap in the bulk and ro-
bust SSs on the surface [6–8]. Bi2Se3 is a well-known TI
while Bi2Te3 and Sb2Te3 are also considered to be model
TIs although Sb2Te3 has been seldom investigated ex-
perimentally due to its strong p-type behavior stemming
from point defects [8, 9]. In the prototypical TI, Bi2Se3,
the crossover from a 2D insulator to a 3D TI occurs at a
thickness of six quintuple layers (QL), while for Bi2Te3
and Sb2Te3 this crossover is believed to occur at 3 QL
and 4 QL, respectively [9–11]. Under an external electric
field, moreover, it may be possible to switch a 3D-TI to
a 2D insulator or vice versa, depending on the sample
thickness [12]. Characterization of the crossover from a
2D insulator to 3D-TI is generally difficult using opti-
cal methods where a near infrared laser pulse is applied,
mainly due to the large optical penetration depth, which
can result in the surface state contribution being masked
by the much stronger bulk contribution. Therefore, SHG
has been applied to selectively detect only the surface
contribution [13]. Here we demonstrate that nonlinear
magnetic excitation and the subsequent probing of the
cascaded second-order susceptibility can explicitly detect
the presence of a surface Dirac cone and revisit the 2D
insulator to 3D-TI crossover in X2Te3 (X=Bi, Sb) thin
films, whose thickness are less than 10 nm.
FIG. 1. Schematic of the quantum spin Hall effect and
the pump-probe experiment. (a) In TIs, the quantum
spin Hall effect occurs due to inherent strong spin-orbit cou-
pling (SOC), which leads to edge (surface) states with two
spins (spin-up and spin-down) propagating in the opposite
directions. (b) A schematic diagram of the experiment. The
TI has bulk and surface domains indicated by the shaded
gray and green colors respectively. VB and CB denote the
valence and conduction bands, respectively. In the bulk do-
main, χ(3) ≠ 0 and χ(2) = 0, whereas χ(2) ≠ 0 appears at the
surface due to the breaking of inversion symmetry at the sur-
face. The Kerr rotational signal (∆θk) from the TI surface
states is dominated by cascading second-order nonlinear ef-
fects (χ′(3) = χ(2) ⋅χ(2)), which have a stronger response than
a direct higher (χ(3)) order nonlinear process.
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2Our idea is described in Fig. 1. As is well estab-
lished, in TI the quantum spin Hall (QSH) effect occurs
due to the presence of inherently strong spin-orbit cou-
pling (SOC) (Fig. 1a). The QSH phase is defined as a
time-reversal-symmetric system, which is gapped in the
bulk while remaining gapless at the edge (surface), stem-
ming from the system’s topology [14]. Here we consider a
TI system under irradiation by an ultrashort laser pulse
(Fig. 1b). In general, transient magnetization
Ð→
M can be
induced via the inverse Faraday effect (IFE) by irradia-
tion of circularly polarized light pulses [1, 15], which can
be measured through the rotation of the linearly polar-
ized light transmitted through a magnetic medium [15],
θF = χ
n
Ð→
M ⋅
Ð→
k , (1)
and
Ð→
M = χ
16pi
Ð→
E (ω) ×Ð→E ∗(ω), (2)
where χ is the magneto-optical susceptibility, n is the re-
fractive index of the medium,
Ð→
k is the wavevector, and
Ð→
E (ω) is the electric field of the incident light with fre-
quency ω. The first relation, Eq. (1), corresponds to
detection via the Faraday rotation and the second, Eq.
(2), characterizes the pumping action, which can be re-
garded as optical rectification [1]. In the case of pump-
probe methods, θF = (χ/n)(χ/16pi)∣Ð→E(ω)∣2. This con-
firms the cascading nature of the magneto-optical suscep-
tibility, χ ⋅χ. Each χ is second-order, so χ ⋅χ is χ(2) ⋅χ(2),
which corresponds to χ(3) (Ref. [1]). This means that
the third-order nonlinear effect is the combination of the
pump and probe actions[16]. In the case of TI materials,
we can measure the transient magnetization
Ð→
M through
the optical Kerr effect (OKE) [1, 17], which is a rotation
of the linearly polarized light reflected from the sample.
In our experiment, we used an extremely thin samples
of TIs. Under this ultimate condition, it is possible to
detect dominant contributions from the surface, as ex-
plained below. In the bulk region, where χ(3) ≠ 0 and
χ(2) = 0, we observed only the usual IFE via direct OKE,
while at the surface, χ(3) ≠ 0 and χ(2) ≠ 0[4, 18], leading
to cascading OKE, whose amplitude can be written as
χ′(3) = χ(2) ⋅ χ(2), can even dominate (Fig. 1b).
RESULTS AND DISCUSSION
Figure 2 presents the time evolution of the Kerr-
rotation (∆θk) signals for two Sb2Te3 samples (2 and
4 QL thick) as a function of the time delay between the
pump and probe pulses under optical excitation by circu-
larly polarized pump pulses. The ∆θk signal changes sign
upon the reversal of the helicity of the pump pulses from
left to right circular polarization which are denoted byû
andÿ, respectively as shown in Fig. 2a,b. An instanta-
neous change in the ∆θk signal near zero delay is observed
due to the photoexcitation of spin-polarized electrons to
unoccupied surface states (for 4 QL) or to bulk excited
states (for 2 QL), known as the IFE [15, 17, 19].
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FIG. 2. Time-evolution of the Kerr-rotation. (a) The
∆θk signal for 2 QL Sb2Te3. (b) The ∆θk signal for 4 QL
Sb2Te3. The symbol ÿ denotes circularly right handed po-
larized and û circularly left handed polarized photons.
In order to investigate the critical QL thickness at
which the 2D insulator to 3D-TI crossover occurs, we
have measured the pump-polarization (helicity) depen-
dence of the ∆θk signal for Sb2Te3 samples with thick-
ness in the range from 2-10 QL. Figure 3a presents the
peak amplitude of the ∆θk signal for several samples with
differing numbers of QL, which exhibits a periodic os-
cillation with variation of the pump polarization. It is
interesting to note that for the 2 QL thick sample, the
oscillation displayed a two-cycle oscillation with a period-
icity of pi, while robust changes in the oscillatory pattern
are observed for samples with thickness greater than 4
QL in the form of a four-cycle oscillation with a peri-
odicity pi/2. The abrupt change in periodicity at 4 QL
clearly suggests the presence of a crossover.
To confirm the behavior in the periodicity of the helic-
ity dependence of the ∆θk signal for Sb2Te3 samples with
a thickness of 4 QL or greater arises from a 2D insulator
to 3D-TI crossover, we have carried out measurements on
amorphous GeTe, a trivial insulator, for samples with a
range of thicknesses (Fig. 3b). The helicity dependence
of the ∆θk signal always exhibits an oscillating pattern
with a periodicity of pi with increasing amorphous GeTe
thickness. The periodicity (i.e. pi) of the helicity depen-
dence of the ∆θk signal is the same with that observed in
crystalline GaAs[20], which belongs to normal insulators
as well as for the 2 QL Sb2Te3 sample (Fig. 3a). This
is in accordance with the fact that topological surface
states are absent in the surface of the 2 QL thick Sb2Te3
sample, and thus it shows similar behavior to the normal
insulator GeTe.
The measured ∆θk signal is linearly dependent on the
pump power I = ∣Ð→E (ω)∣2 as shown in Fig. 3c. The
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FIG. 3. Helicity dependence of the Kerr-rotation sig-
nal. (a) The peak amplitude of the ∆θk signal as a function of
the pump-polarization state (helicity) for Sb2Te3. The solid
line is a fit to the data using Eq. 3. The oscillatory pattern
of the Kerr rotation shows a drastic change in periodicity at 4
QL and 10 QL for Sb2Te3. (b) The same plots for amorphous
GeTe films. The periodicity (pi) is the same for a 2 QL Sb2Te3
sample in (a). (c) The Kerr rotational amplitude measured
as a function of pump power for two different QWP angles at
45○ and 25○, corresponding to circularly and elliptically po-
larized pump pulses, respectively. The solid line represents a
linear fit.
quadratic nature of the ∆θk signal with ∣Ð→E (ω)∣ supports
the hypothesis that the transient magnetization
Ð→
M in-
duced on the TI can be treated as phenomenologically
similar to a nonlinear process observed in a magnetic
medium[15, 17, 19]. Since our experimental technique
utilies a reflection geometry, the observed phenomena
should be given by the specular IFE and specular OKE,
which have been reported to occur in semiconductor
and metallic systems [21, 22]. There, the semiconductor
GaAs exhibited a pi oscillation, while Al metal exhibited
a pi/2 oscillation as a function of the polarization state
(helicity) of the pump light[20]. The pi and pi/2 periodici-
ties were assigned to specular IFE and specular OKE, re-
spectively, and the relation between ∆θk and third-order
nonlinear susceptibility χ(3) was presented [21, 22]. For
the case of a TI, on the other hand, strong SOC leads to
enhancement of the second-order susceptibility χ(2) from
the surface state [23], resulting in a cascading OKE via
χ′(3) = χ(2) ⋅ χ(2)[3, 24, 25]. Thus, the oscillatory pat-
tern of the ∆θk signal with helicity can be attributed to
a combination of the specular IFE and specular OKE,
or χ(3) + χ′(3) = χ(3) + χ(2) ⋅ χ(2). As such, the Kerr ro-
tation in the case of a TI can be described by referring
the expression for the specular IFE and specular OKE
[21, 22],
∆θk = 32pi2Ipump
c∣1 + n∣2 (L sin 4α +C sin 2α) +D, (3)
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FIG. 4. Helicity dependence of the Kerr-rotation sig-
nal. The individual contribution of the specular IFE and
specular OKE signals to the ∆θk signal are shown for a 10 QL
Sb2Te3 sample as a function of the quarter-wave plate (QWP)
angle. The black solid curve is a fit to Eq. (3). The dashed
green and blue curves exhibit the contributions correspond to
specular OKE and specular IFE, respectively, obtained using
the fit values.
where
L = Re( χ(2) ⋅ χ(2)
2n(1 − n)2) , (4)
C = −Im( χ(3)
n(1 − n)2) . (5)
Here, α is the angle of the quarter wave plate (QWP;
λ/4 plate), Ipump is the pump intensity, c is the speed
of light, and D is related to a polarization-independent
background. It should be noted that the TIs here
have a rhombohedral structure with space group D53d
(R3m)[6], leading to 81 χ(3) tensor components and 27
χ(2) components[4, 5]. Therefore, Eqs. (4) and (5) are
simplified forms, rather than the reduced form available
for higher symmetry crystal structures. The experimen-
tal observations can be well fit with Eq. (3) as shown by
the solid line in Fig. 3a,b. The pi period oscillation term
C sin 2α results from the specular IFE while the pi/2 oscil-
lation component L sin 4α is associated with the specular
OKE as the cascading OKE.
Note that the contribution of the specular OKE domi-
nates the specular IFE in a 10 QL Sb2Te3 film as shown
in Fig. 4. The helicity dependence of the specular IFE
and specular OKE are phenomenologically similar to the
circular photogalvanic effect (CPGE ∝ sin 2α) and the
linear photogalvanic effect (LPGE ∝ sin 4α)[26] and Eq.
(3) is similar to the phenomenological expression for the
induced photocurrent extensively observed in TIs [27]
and transition-metal dichalcogenides [28]. However, here
we are observing uniquely nonlinear light-matter inter-
actions appearing only within the duration of the optical
4pulse (on the order of less than 60 fs), after which an
induced photocurrent will flow on a timescale of 1 ps
[29, 30]. Note that our 1.5 eV photon pump can excite
electrons close to the Dirac point of the second SSs for
Sb2Te3 [31], and therefore, circular-polarized pump pulse
excites the spin-polarized electron population. Since our
pump pulse was incident onto a sample at a slightly off-
normal angle, it can create net magnetization in the sec-
ond SSs. Thus, under our experimental conditions, spin-
polarized photocurrents can be generated, and may be
related to the CPGE and LPGE phenomena [4, 5]. Al-
though we have provided a simple picture for the ob-
served phenomena in TIs based on specular IFE and
specular OKE, a comprehensive theoretical treatment is
needed to elucidate the relationship between such nonlin-
ear optical effects and the CPGE and LPGE phenomena
on the surface of TIs.
Similar spin dynamics have also been observed in a
magnetic ionic liquid material, although the magnitude
of the OKE was much smaller than that of the IFE [32].
We argue that the larger contribution from the specular
OKE signal from the 10 QL Sb2Te3 film (Fig. 4) can
be attributed to a surface state origin. Given that Eqs.
(4) and (5) imply a half magnitude of L compared to
C, if χ(3) = χ′(3) = χ(2) ⋅ χ(2), our observation of L with
twice the magnitude of C (Fig. 4) strongly indicates
χ(3) << χ′(3) = χ(2) ⋅ χ(2), where χ(2) is non-zero only in
the surface region. In addition, enhancement of χ(2) may
be induced by inversion symmetry breaking at the surface
due to Dirac plasmon-related dc electric fields [23].
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FIG. 5. Detection of the crossover from a 2D insulator
to a 3D-TI. The L values extracted from a fit of Eq. (3)
are plotted as a function of thickness for the TIs, Sb2Te3,
Bi2Te3, and amorphous GeTe. The L values for the Sb2Te3
and Bi2Te3 samples exhibit a strong variation with thickness,
whereas for amorphous GeTe the signal remains constant with
thickness. The thick lines represent guides for the eyes.
FIG. 6. Helicity dependence of the Kerr-rotation sig-
nal. The peak amplitude of the ∆θk signal as a function of
the helicity, obtained for Bi2Te3 samples with different thick-
nesses. The oscillatory pattern shows change in the period-
icity from (pi) to (pi/2) at and above 3 QL for Bi2Te3. The
solid line represents a fit to the data using Eq. (3).
The extracted L value which can be attributed to the
specular OKE is plotted as a function of thickness for
Sb2Te3, Bi2Te3 and GeTe amorphous samples as shown
in Fig. 5. Experimentally, one should thus observe an
abrupt change in L at 4 QL for Sb2Te3. This sudden
change in the L value indicates that a crossover from a
2D insulator to 3D-TI has occurred. We argue that the
abrupt change in L is associated with a change in band
topology due to the presence of strong SOC, resulting in
the formation of a Dirac cone [33]. The contribution of
L to the ∆θk signal is very small for 2 and 3 QL, indi-
cating that a gap opens at the Dirac point. Similarly, we
observe an abrupt change in L for 3 QL for Bi2Te3 (see
Figs. 5 and 6). Thus, the crossover of TIs observed by the
present method is consistent with the results reported in
STM experiments [10] and ab initio band-structure cal-
culations (see Methods and Supplementary Fig. S1) [11].
On the other hand, the L value almost linearly increases
with sample thickness for amorphous GeTe, as it is a
trivial insulator, and therefore the bulk contribution as-
sociated with χ(3) increases. Therefore the contribution
of the SSs (χ′(3) = χ(2) ⋅ χ(2)) on L to the ∆θk signal is
negligible, which suggest the absence of a Dirac cone in
amorphous GeTe. Note that the extracted C value which
5can be attributed to the specular IFE was not correlated
with the sample thickness, and therefore, we conclude
that it may be due to photoinduced magnetization of the
Dirac surface states of a TI, associated with χ(3).
To check if our observations are also applicable to non-
topological materials, i.e., materials which exhibit SOC-
induced Rashba effects[34], we have measured a crys-
talline GeTe sample (4.3 nm and 8.6 nm thick), where the
inversion symmetry is broken due to the noncentrosym-
metric lattice, i.e., χ(2) ≠ 0. As a result, we observed
pi/2 oscillation signals for crystalline GeTe, which is dif-
ferent from the case of amorphous GeTe (Fig. 3). Note
that a sample at least several nm thick is required to
preserve the ferroelectricity in crystalline GeTe[35, 36].
Thus, our pi/2 oscillation signals can be found in fer-
roelectric Rashba semiconductors, like crystalline GeTe
with non-topological surface states. Therefore, specular
OKE is most likely arises from strong spin-orbit coupling.
CONCLUSION
To conclude, we have experimentally explored the
topological magneto-optical response from TIs using a
time-resolved Kerr rotation technique. In particular, we
have focused on p-type Sb2Te3 since it is generally dif-
ficult to investigate its topological properties by conven-
tional techniques such as ARPES. Our experimental re-
sults demonstrate that the helicity dependence of the ∆θk
signal dramatically changes when the thickness of the
sample is varied. By analyzing the helicity-dependent
∆θk signal based on the combined action of nonlinear
magneto-optical effects, the specular IFE and specular
OKE, we are able to discern the formation of a Dirac
cone in a film several QL thick. Our method thus makes
it possible the prediction of the presence of a Dirac cone
(or Rashba splitting) in air and at room temperature, i.e.
without ultra-high vacuum and sophisticated equipment,
using a fundamental nonlinear optical effect that can be
applied to a wide range of TIs and related 2D materials.
The cascading nonlinear magneto-optical effects are of
particular significance for p-type TIs, such as interfacial
phase-change materials [37], which may become the foun-
dation of the next-generation of ultra-high-speed phase
change random access memory.
METHODS
Fabrication of X2Te3(X=Bi, Sb) films.
The samples used in this study were highly-oriented
X2Te3 (X=Bi, Sb) polycrystalline films possessing a
rhombohedral crystal structure with space group D53d
(R3m)[6] and a thickness between 2 to 10 QL (2 - 10
nm) for Sb2Te3 and 1 to 10 QL (1 - 10 nm) for Bi2Te3.
The samples were fabricated by self-organized van der
Waals epitaxy using helicon-wave RF magnetron sput-
tering on (100) Si substrates at 230○C [38]. For compar-
ison, we prepared amorphous and crystalline GeTe films
4.3 and 8.6 nm thick, which were grown at room temper-
ature and at 230○C, respectively. The crystal structure
of the TIs is comprised of alternating layers of X (Bi,
Sb) and Te atoms along the z-direction. An alternating
arrangement of five layers form one QL, which is roughly
equivalent to 1 nm and has been confirmed by TEM mea-
surements. Within each QL, X (Bi, Sb) and Te atoms are
coupled by covalent bonds, whereas the coupling between
QL is via van der Waals interactions. The crystal quality
was checked by using coherent phonon spectroscopy[39],
which demonstrated the presence of both the A11g and
A21g modes, which correspond to the inter- and intra-layer
optical modes, respectively [40].
Femtosecond magneto-optical measurements.
To investigate the critical thickness (i.e. the criti-
cal number of QL) which trigger a crossover from a 2D
insulator to 3D-TI, or vice-versa, we have employed a
time-resolved Kerr-rotation measurement using a novel
pump-probe reflection technique. The time-resolved Kerr
measurements were performed using near-infrared opti-
cal pulses with pulses generated by a Ti: sapphire laser
oscillator with a pulse duration of about 20 fs, a central
wavelength of 830 nm and a repetition rate 80 MHz. The
optical penetration depth at 830 nm was estimated from
the absorption coefficient to be ∼14 nm, which is greater
than the sample thickness. Thus the optical excitation is
homogeneous over the entire sample thickness, and there-
fore the effects of the penetration depth do not play a role
on the observed crossover-like behavior in the present
study. The average powers of the pump and the probe
beams were fixed at 120 mW and 2 mW respectively.
The pump and the probe beam were co-focused onto the
sample to a spot size of about 70 µm with an incident an-
gle of about 15○ and 10○ with respect to the sample nor-
mal, respectively. The maximum photo-generated carrier
density induced by a single 200 µJ cm−2 pump-pulse was
estimated to be nexc ≈ 5.1×1019 cm−3. The probe po-
larization was p-polarized while the polarization of the
pump beam was modulated from linear polarized (0○),
to left-circular-polarized (45○), to linear-polarized (90○),
to right-circular-polarized (135○) and back to linearly-
polarized (180○) and so on by varying the quarter-wave-
plate (QWP, λ/4 plate) angle. The change in the Kerr-
rotation of the probe pulse was recorded using balanced
silicon photo-diodes as a function of the pump-probe de-
lay over a time range up to 15 ps that was introduced by
a shaker operated at 19.5 Hz[25]. The measured signal
was accumulated over 700 scans to improve the signal to
noise ratio. The measurements were carried out in air at
6room temperature.
Density functional theory (DFT) simulation.
The WIEN2k code was used for band structure cal-
culations [41]. RMTKmax of 7.0 was used for the plane
wave component between augmentation spheres. 8×8×1
Monkhorst-Pack grids were used [42]. The energy con-
vergence criterion was 0.1 mRy. The SOC term was in-
cluded. The DFT-D correction was included in order to
take account for the van der Waals force [43].
∗ mhase@bk.tsukuba.ac.jp
[1] Shen, Y. R. Principles of Nonlinear Optics (Wiley-
Interscience, New Jersey, 1984).
[2] Shen, Y. R. Surface properties probed by second-
harmonic and sum-frequency generation. Nature 337,
519–525 (1989).
[3] Kim, M. & Yoon, C. S. Intrinsic pulse-width dependence
of third-order nonlinear optical susceptibility in the fem-
tosecond regime. Phys. Rev. Lett. 93, 203903 (2004).
[4] McIver, J. W. et al. Theoretical and experimental study
of second harmonic generation from the surface of the
topological insulator Bi2Se3. Phys. Rev. B 86, 035327
(2012).
[5] Hsieh, D. et al. Nonlinear optical probe of tunable surface
electrons on a topological insulator. Phys. Rev. Lett. 106,
057401 (2011).
[6] Zhang, H. et al. Topological insulators in Bi2Se3, Bi2Te3
and Sb2Te3 with a single Dirac cone on the surface. Na-
ture Phys. 5, 438–442 (2009).
[7] Moore, J. E. The birth of topological insulators. Nature
464, 194–198 (2010).
[8] Hasan, M. Z. & Kane, C. L. Colloquium: Topological
insulators. Rev. Mod. Phys. 82, 3045–3067 (2010).
[9] Zhang, Y. et al. Crossover of the three-dimensional topo-
logical insulator Bi2Se3 to the two-dimensional limit. Na-
ture Phys. 6, 584–588 (2010).
[10] Jiang, Y. et al. Landau quantization and the thickness
limit of topological insulator thin films of Sb2Te3. Phys.
Rev. Lett. 108, 016401 (2012).
[11] Li, Y.-Y. et al. Intrinsic topological insulator Bi2Te3 thin
films on Si and their thickness limit. Adv. Mater. 22,
4002–4007 (2010).
[12] Kim, M., Kim, C.-H., Kim, H.-S. & Ihm, J. Topologi-
cal quantum phase transitions driven by external electric
fields Sb2Te3 in thin films. PNAS 109, 671–674 (2012).
[13] Shi, H. et al. Surface and bulk contributions to the
second-harmonic generation in Bi2Se3. Phys. Rev. B 94,
205307 (2016).
[14] Murakami, S. Phase transition between the quantum spin
Hall and insulator phases in 3D: emergence of a topolog-
ical gapless phase. New J. Phys. 9, 356 (2007).
[15] Kimel, A. V. et al. Ultrafast non-thermal control of mag-
netization by instantaneous photomagnetic pulses. Na-
ture 435, 655–657 (2005).
[16] Satoh, T. et al. Photoinduced transient Faraday rotation
in NiO. J. Opt. Soc. Am. B 27, 1421–1424 (2010).
[17] Hsieh, D. et al. Selective probing of photoinduced charge
and spin dynamics in the bulk and surface of a topological
insulator. Phys. Rev. Lett. 107, 077401 (2011).
[18] Giorgianni, F. et al. Strong nonlinear terahertz response
induced by Dirac surface states in Bi2Se3 topological in-
sulator. Nature Commun. 7, 11421 (2016).
[19] Wang, M. C., Qiao, S., Jiang, Z., Luo, S. N. & Qi, J. Un-
raveling photoinduced spin dynamics in the topological
insulator Bi2Se3. Phys. Rev. Lett. 116, 036601 (2016).
[20] Wilks, R., Hughes, N. D. & Hicken, R. J. Investigation of
transient linear and circular birefringence in metallic thin
films. J. Phys.: Condens. Matter 15, 5129–5143 (2003).
[21] Popov, S. V., Svirko, Y. P. & Zheludev, N. I. Pump-probe
reflective polarization-sensitive nonlinear optics. J. Opt.
Soc. Am. B 13, 2729–2738 (1996).
[22] Svirko, Y. P. & Zheludev, N. I. Polarization of Light in
Nonlinear Optics (Wiley, New York, 1998).
[23] Glinka, Y. D., Babakiray, S., Johnson, T. A., Holcomb,
M. B.& Lederman, D. Resonance-type thickness depen-
dence of optical second-harmonic generation in thin films
of the topological insulator Bi2Se3. Phys. Rev. B 91,
195307 (2015).
[24] Caumes, J. P., Videau, L., Rouyer, C. & Freysz, E. Kerr-
like nonlinearity induced via terahertz generation and the
electro-optical effect in zinc blende crystals. Phys. Rev.
Lett. 89, 047401 (2002).
[25] Hase, M., Kitajima, M., Constantinescu, A. M. & Petek,
H. The birth of a quasiparticle in silicon observed in
time-frequency space. Nature 426, 51–54 (2003).
[26] Ganichev, S. D. & Prettl, W. Spin photocurrents in quan-
tum wells. J. Phys.: Condens. Matter 15, R935–R983
(2003).
[27] McIver, J. W., Hsieh, D., Steinberg, H., Jarillo-Herrero,
P. & Gedik, N. Control over topological insulator pho-
tocurrents with light polarization. Nature Nanotech. 7,
96–100 (2012).
[28] Yuan, H. et al. Generation and electric control of spin-
valley-coupled circular photogalvanic current in WSe2.
Nature Nanotech. 9, 851–857 (2014).
[29] Kastl, C., Karnetzky, C., Karl, H. & Holleitner, A. W.
Ultrafast helicity control of surface currents in topologi-
cal insulators with near-unity fidelity. Nature Commun.
6, 6617 (2015).
[30] Braun, L. et al. Ultrafast photocurrents at the surface of
the three-dimensional topological insulator Bi2Se3. Na-
ture Commun. 7, 13259 (2016).
[31] Fo¨rster, T., Kru¨ger, P. & Rohlfing, M. GW calcula-
tions for Bi2Te3 and Sb2Te3 thin films: Electronic and
topological properties. Phys. Rev. B 93, 205442 (2016).
[32] Jin, Z., Ma, H., Li, D., Ma, G., Wang, M. & Zhao, C.
Femtosecond invers Faraday effect in magnetic ionic liq-
uid [bmim]FeCl4. J. Appl. Phys. 109, 073109 (2011).
[33] Manchon, A., Koo, H. C., Nitta, J., Frolov, S. M. &
Duine, R. A. New perspectives for Rashba spin-orbit
coupling. Nature. Mater. 14, 871–882 (2015).
[34] Liebmann, M. et al. Giant Rashba-type spin splitting in
ferroelectric GeTe(111). Adv. Mater. 28, 560–565 (2016).
[35] Polking, M. J. et al. Ferroelectric order in individual
nanometrescale crystals. Nature Mater. 11, 700–709
(2012).
[36] Kolobov, A. V. et al. Ferroelectric switching in epitaxial
GeTe films. APL Materials 2, 066101 (2014).
[37] Simpson, R. E. et al. Interfacial phase-change memory.
Nature Nanotech. 6, 501–505 (2011).
7[38] Saito, Y., Fons, P., Kolobov, A. V. & Tominaga, J. Self-
organized van der Waals epitaxy of layered chalcogenide
structures. Phys. Status Solidi B 252, 2151–2158 (2015).
[39] Hase, M. Fons, P., Mitrofanov, K., Kolobov, A. V. &
Tominaga, J. Femtosecond structural transformation of
phase-change materials far from equilibrium monitored
by coherent phonons. Nature Commun. 6, 8367 (2015).
[40] Richter, W., Kohler, H. & Becker, C. R. A Raman
and far-infrared investigation of phonons in the rhombo-
hedral V2-VI3 compounds Bi2Te3, Bi2Se3, Sb2Te3 and
Bi2(Te1−xSex)3 (0 < x < 1), (Bi1−ySby)2Te3 (0 < y < 1).
Phys. Status Solidi B 84, 619–628 (1977).
[41] Schwarz, K. & Blaha, P. Solid state calculations using
WIEN2k. Comput. Mater. Sci. 28, 259–273 (2003).
[42] Monkhorst, H. J. & Pack, J. D. Special points for
Brillouin-zone integrations. Phys. Rev. B 13, 5188–5192
(1976).
[43] Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A con-
sistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 ele-
ments H-Pu. J. Chem. Phys. 132, 154104 (2010).
ACKNOWLEDGEMENTS
This research was financially supported by CREST
(NO. JPMJCR14F1), JST, Japan. We acknowledge Ms.
R. Kondou for sample preparation.
